Abstract
Nephrotic syndrome (NS) is manifested by hyperproteinuria, hypoalbuminemia and edema. NPHS2 that encodes podocin was found to have most mutations among the genes that are involved in the pathophysiology of NS. Podocin, an integral membrane protein belonging to stomatin family, is expressed exclusively in podocytes and is localized to slit-diaphragm (SD). Mutations in podocin are known to be associated with steroid resistant nephrotic syndrome (SRNS) and rapid progression to end-stage renal disease (ESRD), thus signifying its role in maintaining SD integrity and podocyte function. The structural insights of podocin are not known and the precise mechanism by which podocin contributes to the architecture of SD is yet to be elucidated. In this study we deduced a model for human podocin, discussed the details of transmembrane localisation, intrinsically unstructured regions and provide an understanding of how podocin interacts with other SD components. Intra-protein interactions were assessed in wild type podocin and in some of its mutants that are associated with idiopathic NS. Mutations in podocin alter the innate intra-protein interactions affecting the native structure of podocin and its ability to form critical complex with sub-podocyte proteins. The kidneys are vital organs that help maintain body homeostasis by regulating blood pressure, acid-base, electrolyte and water balance. Human kidney constitutes a million nephrons that collectively perform three key events including a) glomerular filtration of water and small molecules from renal plasma; b) tubular reabsorption of glomerular filtrate; c) tubular secretion of metabolic waste products into the filtrate. Thus, glomerulus in concert with tubular region of the nephron tightly regulates the composition of glomerular filtrate and ensures almost protein-free ultra-filtrated urine. Glomerulus, where initiation of filtration occurs contains a tuft of capillaries and several resident cell types that include mesangial cells, endothelial cells and glomerular visceral epithelial cells, also known as podocytes.
Proteinuria is a hallmark of renal damage in several glomerular diseases due to the alterations in glomerular filtration barrier (GFB) (1, 2) . The three components that constitute GFB include fenestrated glomerular endothelial cells, glomerular basement membrane (GBM) and glomerular visceral epithelial cells, known as podocytes. A wealth of literature highlighted that podocytes are critical for glomerular filtration (3, 4) . Podocytes are terminally differentiated epithelial cells with large cell body consisting of organelles. These cells possess a main cell body, major foot process made of microtubules and intermediate filaments and numerous secondary foot process that play a predominant role in attaching podocytes to the GBM. The secondary foot process of neighboring podocytes forms an adherent junction called slitdiaphragm (SD) that forms a sole contact between neighboring podocytes and ensures size, shape and charge selective permeability to the GFB (1). SD is made up of proteins like nephrin, podocin, CD2-associated protein (CD2AP), ZO-1, and P-cadherin. Mutations in the SD proteins alter podocyte architecture and permselectivity, which eventually abate the function of GFB culminating in proteinuria (5) . Mutations in podocyte proteins could target the function of podocyte by affecting the structure of the SD, by perturbing the intricate podocyte cytoskeleton, by breaking cell-matrix interactions and by blocking important signaling pathways. All these events manifest in the effacement of podocyte foot processes, disruption of GFB and proteinuria (6) .
Nephrotic syndrome (NS) is a nonspecific renal disorder characterized by heavy proteinuria, hypoalbuminemia, and edema. Idiopathic nephrotic syndrome (INS) that occur most frequently in children, represent >90 % of NS cases between 1 and 10 years of age and 50% of NS cases post 10 years of age (7) . Electron microscopy of renal biopsies from INS subjects revealed diffuse foot process effacement, minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS). INS that occurs mainly in children is classified into steroid-sensitive (SSNS) and steroid-resistant NS (SRNS), depending on their response to corticosteroid therapy. SRNS has a poor prognosis and often leads to end-stage renal disease (ESRD). Mutations in more than 20 genes that predominantly encode podocyte proteins have been identified in monogenic forms of SRNS (8) . Among those genes, NPHS2, encoding podocin, is the most frequently mutated gene responsible for up to 18% of total SRNS cases (9, 10) . Podocin consists of 383 amino acids and is expressed exclusively in podocytes, where in it localizes to SD as an oligomer (10) (11) (12) . Podocin belongs to stomatin family and is hypothesized to form hairpin-like intramembrane loop and intracellular C-terminus (12) . It was reported that podocin interacts with other proteins of SD such as CD2AP and nephrin with its C-terminus (13) . The interactions between podocin and other proteins are considered to be critical for the maintenance of intact SD architecture. Mutation in podocin lead to the early onset of SRNS typically before 6 years of age and rapidly progresses to ESRD within a decade, indicating the instrumental role of podocin in podocyte biology and in maintaining the integrity of GFB.
Podocin mutants such as R138Q and V180M were observed to be restricted to endoplasmic reticulum, intracellular vesicles or form inclusion bodies thus preventing its localization to SD (14) . However, it is yet to be known how mutations in podocin are associated with morphological changes ranging from MCD and FSGS that manifest in heavy proteinuria in SRNS. Further studies are warranted to understand how mutations in podocin will distort the innate interactions with its sub SD proteins. In this study we attempted to generate 3D models for podocin and its mutants that are associated with SRNS to gain insights about how mutations affect the protein structure and contribute towards altered SD architecture and podocyte function.
Methodology:
BLAST analysis of podocin sequence and sequence alignment: Human podocin sequence (accession ID: Q9NP85) was obtained from ExPASy database. Since crystal structure for podocin is not available, a reliable model was built based on sequence similarity search using protein BLAST tool against predetermined protein structures deposited in protein data bank (PDB). A comparative sequence alignment of the identified homologous sequences was done using the tools ClustalW and ClustalX.
Structure prediction using I-TASSER server: 3D structure prediction for podocin sequence bits (1-164 and 362-383) that showed less (<25%) homology was performed using the I-TASSER web server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). I-TASSER, an ab initio based protein structure prediction software works on sequence-to-structure-to-function pattern (15) . The server generated five models, which are ranked based on the structure density of the SPICKER clustering. A confidence score (C-score) was calculated based on the statistical significance of the threading profile-profile alignment (PPA) as well as structure convergence of the Monte Carlo simulations. This C-score denotes the quality of the models generated by the server.
Model prediction and stereochemistry analysis of the model: The predicted structure from I-TASSER server and the homologue sequences obtained from the BLAST search were taken as templates to generate a model for podocin. A multiple sequence based modeling was done using Modeller 9.15 software that generates models by satisfying spatial restrains via automated comparative modeling (16) . The multiple sequence alignment file in Modeller 9.15 was manually tweaked to match the query and template sequences. The generated model was then analyzed in detail for its protein structure stereochemistry using protein parameters analysis tool known as PROCHECK. 21 Predicting intrinsically unstructured, trans-membrane regions and assessing intraprotein contacts: Due to the anomalous N-and C-terminal random coils observed in the generated model, a secondary structure analysis was done using PSI-PRED server (http://bioinf.cs.ucl.ac.uk/psipred/). This server uses a two-stage neural network to predict the secondary structure using data generated by Position-Specific Iterated BLAST (PSI-BLAST) (17) . Further, the server also extrapolated intrinsically unstructured regions (IURs) (DISOPRED3), trans-membrane (TM) topology prediction (MEMSAT3) and trans-membrane helix prediction (MEMSATSVM) (18) (19) (20) . However, in order to gain further evidence on IURs in podocin, the sequence was trained exhaustively in various Critical Assessment of Protein Structure Prediction (CASP) validated servers that are: Genesilico meta-disorder service (Metadisorder, MetadisorderMD, MetadisorderMD2, Metadisorder3D) (21), PONDR (22), DisProt (23), IUPred (24), Dis-EMBL (disorder by loops/coils definition, disorder by HOT-loops, Remark-465) (25) , SPINE-D (26), MFDp (DISOclust, DISOpred, IUPredL, IUPredS) (27) and PredictProtein (28) . The PSI-PRED server and the PredictProtein server extrapolated TM helices in addition to predicting IURs (29) . The intra-protein interactions such as main chainmain chain, main chain-side chain, side chain-side chain, hydrophobic interactions for a given set of 3D coordinates of the protein was assessed using protein interactions calculator (PIC) server (30) .
Building models for podocin mutants:
We have selected 6 mutants of podocin (R3G, P89T, R322Q, R322P, H325Y and V370G) that were shown to associate with SRNS from HGMD database (31, 32) . The criteria for selecting these particular mutants was they occur in predicted IURs as described above. Models for these mutants were built using Modeller 9.15 software considering wild type podocin as a template. Further, stereochemistry of mutant models was analysed using PROCHECK software.
Results:
Sequence alignment and homology modeling of Podocin: Podocin shows highest homology with stomatin from H. sapiens (47% identity and 67% similarity) and with mechanosensory protein-2 (MEC-2) from C. elegans (44% identity and 65% similarity) (10) . Considering this homology as a base, a protein BLAST (pBLAST) search was performed with human podocin sequence against PDB database. The search yielded two prominent templates: 1. Chain A, crystal structure of a core domain of stomatin from Pyrococcus horikoshii (PDB ID: 3BK6) (33) and 2. Chain C, RecBCD: DNA complex from Escherichia coli (PDB ID: 1W36) (34). These two templates covered the podocin sequence from 165 to 361 amino acids.
Although, two homologous templates were identified from the pBLAST search, the Nand C-terminal regions (1-164 and 362-383 aminoacids) of podocin showed < 25%homology to build a reliable full-length model. Hence, an ab initio structure prediction was done using I-TASSER server for these regions of podocin. The templates thus obtained from the BLAST search and I-TASSER prediction were used to build a multiple sequences based model (Fig 1) . The Ramachandran plot for podocin model revealed 85.5% of amino acids in most favourable regions; 10.9% amino acids in additionally allowed regions; 2.7% of amino acids in generously (Fig 2A) . It is noteworthy that the prediction revealed the presence of random coils at both N-and C-terminals (Fig 2B and C) . We speculated that these random coils could be IURs, since BLAST search with N-terminus podocin sequence showed homology with Influenza A virus nucleoprotein that showed unstructured regions. Therefore, we further continued our quest of gaining insights on podocin structure by analyzing whether these coils are intrinsically unstructured. Since IURs form anchors and signalling motifs, we speculate that IURs in podocin may involve in the formation of scaffolding complex with CD2AP and TRPC6 ion channel besides facilitating signalling via nephrin (13, 35) .
Predicting intrinsically unstructured and transmembrane regions: Podocin sequence was screened employing seven standalone and three meta IUR prediction servers, which predicted an N-terminal IUR (1 to 98 residues) and C-terminal IUR (347 to 383 residues) ( Table 1 & Fig  3) . Further, we have employed Genesilico meta-disorder prediction server to assess the presence of IURs, if any in other stomatin family proteins. Interestingly, all stomatin family proteins showed IURs at various regions in their respective sequences (Table 2) . These results strongly suggest the presence of IURs at both N-and C-terminus of podocin. The PSI-PRED server identified the presence of protein binding regions between residues 1-7, 63-69, 77-89, 353-356, 363 and 367-377 in the identified IURs, which perhaps explains scaffolding complex formation of podocin with CD2AP, nephrin (13) and extended complex with TRPC6 (35) . The server also predicted a transmembrane (TM) region in podocin spanning from ~101 to 125 amino acids.
It has been reported that stomatin family members exhibit cytoplasmic C-and N-terminus (36), thus podocin is also expected to show similar structural properties to that of other stomatin family members. Contrastingly, PSI-PRED analysis showed two possible orientations for N-and C-terminals of podocin. The prediction suggests that N-terminus is cytoplasmic and C-terminus is extracellular, if the TM region is restricted between 98 to 125 residues (Fig 4A) . Alternatively, it was also predicted that N-terminus is extracellular and C-terminus is cytoplasmic, if the TM region is localized between 103 to 127 residues (Fig 4B) .
Mutations in podocin alter intra-protein interactions:
To analyse how mutations in podocin, specifically in the predicted IURs alter its structure and perturb its interactions with sub-podocyte proteins, six podocin mutants were selected and models for these mutants were generated using wild type podocin model as a template. The Ramachandran plots for the mutants showed minimal variation with respect to that of wild type podocin despite the fact that these podocin mutants are associated with nephrotic syndrome (Table 3) .
The mutants were then analysed to identify the changes if any, in the intra-protein interactions with the help of PIC server. This server calculates various interactions based on the given coordinates of 3D structure of a protein (30) . Substantial differences in 'main chain-main chain', 'main chain-side chain', 'side chain-side chain' and 'hydrophobic interactions' were observed when compared to wild type podocin.
These altered intra-protein interactions in podocin mutants showed considerable distortions in their secondary structures. All podocin mutants we analysed showed the formation of an extended alpha helix between residues 307-325, except in mutant R3G wherein, T315 residue was found to be a part of the alpha helix (residues 316-322) that was observed in wild type protein (Fig 5) . Two β-sheets (170-181 & 185-197 residues) in the wild type podocin were trimmed (170-180 and 186-197 residues) in the case of H325Y mutant. Furthermore, in mutants R3G, P89T, R322Q and V370G, stable alpha helices (residues 151-156) were replaced with 3 10 helices (residues 153-155) (Fig 5) .
Root mean square deviations (RMSD) of podocin mutants with that of podocin wild type showed that R3G mutant deviate by 1.23 Å when compared to wild type podocin. Similarly P89T, R322Q, R322P, H325Y and V370G mutants showed 1.01 Å, 1.04 Å, 1.12 Å, 0.68 Å and 0.55 Å deviations when compared to the wild type podocin (Fig 6) .
Discussion:
In this study, we have provided insights of podocin structure that was generated using a multiple template based structure prediction analysis. This study predicted the orientation of transmembrane (TM) region and presence of random coils, which we have identified as IURs at N-and C-terminal regions of podocin. We have also identified protein binding regions in these IURs, which could play a critical role in complex formation with sub-podocyte SD proteins. Intraprotein interactions among various amino acid residues were assessed in wild type and in some of podocin mutants that were associated with steroid resistant form of idiopathic NS. Mutations in podocin alter innate intra-proteins interactions affecting the native structure of podocin and its ability to form critical complex with sub-podocyte proteins.
The structure of human podocin was designed based on multiple sequence homology modelling and the model thus generated was evaluated for protein stereochemistry using PROCHECK software. Interestingly, it was observed that both N-and C-terminal regions of podocin showed random coils. pBLAST search with the N-terminal region of podocin showed homology with the nucleoprotein of influenza A virus (PDB ID: 3ZDP -identity: 33%, query coverage: 39%), which displays a flexible disordered region (402-428 residues). This region was identified to connect the tail loop and main body of the nucleoprotein that points towards the RNA binding surface (37) . Therefore, we have speculated the presence of intrinsically unstructured regions (IURs) in the podocin.
IURs do not form a fixed 3D structure under physiological conditions either in their entireties or they may contain intrinsically disordered regions. They resemble the denatured states of ordered proteins and are described as an ensemble of rapidly inter-converting alternative structures (38). IURs take up different structures upon binding to different targets, and thereby exhibit functional flexibility through the formation of fuzzy complexes (39). Comprehensive analysis by various CASP validated servers revealed that podocin consists of both N-terminal (1 to 98 amino acids) and C-terminal (347 to 383 amino acids) IURs. Our predictions also identified protein binding regions in these IURs which makes us speculate that these IURs may help podocin to serve as an anchor, signalling motif or help in interacting with neighbouring proteins to form a complex, thus maintaining podocyte SD integrity (13, 35, 40) . However, a detailed elucidation of how nephrin-CD2AP-podocin complex is formed is greatly warranted, which could be accomplished by solving the high-resolution crystal structure of these protein(s) complexes.
While we were analysing IURs in podocin, the PSI-PRED server predicted the presence of a TM region (100-125 amino acids) in podocin, which correlated with results from an earlier study (10) . Interestingly, TM region that was identified in podocin is homologous to that present in other stomatin family members (10). It was not known whether N-terminal region is cytoplasmic or extracellular, however, it was reported that C-terminus is cytoplasmic (13) . Nevertheless, the possibility of podocin to form a hairpin loop to interact with membrane from cytoplasmic side cannot be ruled out as other stomatin family proteins possess cytoplasmic Cterminus and forms hairpin loops (10). Further, it was shown that N-and C-terminal specific podocin antibodies co-localized at the cytoplasmic face of the plasma membrane suggesting presence of hairpin loop structure (41).
Mutations in NPHS2 cause early onset of SRNS and ensue rapid progression to ESRD. We have selected 6 mutations from HDMG database and generated models for them. We attempted to understand how mutations specifically in the intrinsically unstructured regions affected the macromolecular assembly. It was found that mutations elicit significant changes in intra-protein interactions such as main chain-main chain, main chain-side chain, hydrophobic and side chain-side chain contacts. These changes showed considerable differences in protein secondary structure. It could be speculated that alterations in intra-protein interactions bring about changes in microenvironment and compromise stereochemistry and macromolecular assembly of podocin with its sub-podocyte components. Further, the structural changes observed at distant regions of mutations may be viewed along with the larger changes observed in the intermittent residues as well. For instance, R3G mutant shows change of secondary structure from alpha-helix to 3 10 -helix in the region of 151-156, thus bringing about distant structural changes via the changes in intermittent residues, which could be observed in other mutant forms as well. This could possibly explain how mutations in podocin cause detrimental changes in a larger scale to the podocyte SD structure and loss of podocyte function.
It is noteworthy that podocin mutants that were selected in this study such as R3G, R322Q, R322P, H325Y and V370G were manifested in FSGS and the mutation P89T resulted in MCD (31, 32, 42) . It was shown that podocin mutant H325Y progresses to ESRD (43) . From the observed data we speculated that even the slightest variation in the conformation of the protein secondary structure could alter the macromolecular assembly of podocin with sub-SD proteins due to alterations of podocin backbone, which in turn could eventually manifest in altered architecture of SD and proteinuria in NS. Secondary structure of the generated podocin model, C) modelled podocin structure based on a multiple sequence based homology modelling using templates from pBLAST search and I-TASSER predictions. Mutations in podocin distorted their secondary structure: An extended alpha helix between residues 307-325 was noticed in all the mutants apart from R3G mutant wherein, T315 residue was found to be a part of the alpha helix (residues 316-322) when compared to WT. In mutants R3G, P89T, R322Q and V370G stable alpha helices (residues 151-156) were replaced with 3 10 helices (residues 153-155). However, in mutation H325Y additional structural changes such as trimming of two β sheets to residues 170-180 and 186-197 was also observed. Templates used to generate full-length 3D model for podocin. The arrows in red indicate the parts of sequence for which 3D models were predicted using I-TASSER. 119x141mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 5 : Mutations in podocin distorted their secondary structure: An extended alpha helix between residues 307-325 was noticed in all the mutants apart from R3G mutant wherein, T315 residue was found to be a part of the alpha helix (residues 316-322) when compared to WT. In mutants R3G, P89T, R322Q and V370G stable alpha helices (residues 151-156) were replaced with 310 helices (residues 153-155). However, in mutation H325Y additional structural changes such as trimming of two β sheets to residues 170-180 and 186-197 was also observed. 119x160mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
